Zeolitic imidazolate frameworks (ZIFs) are a subclass of metal-organic frameworks (MOFs) with extended threedimensional networks of transition metal nodes (bridged by rigid imidazolate linkers), with potential applications in gas storage and separation, sensing and controlled delivery of drug molecules. Here, we investigate the use of 13 C and 15 N solid-state NMR spectroscopy to characterise the local structure and disorder in a variety of singleand dual-linker ZIFs. In most cases, a combination of a basic knowledge of chemical shifts typically observed in solution-state NMR spectroscopy and the use of dipolar dephasing NMR experiments to reveal information about quaternary carbon species are combined to enable spectral assignment. Accurate measurement of the anisotropic components of the chemical shift provided additional information to characterise the local environment and the possibility of trying to understand the relationships between NMR parameters and both local and long-range structure. First-principles calculations on some of the simpler, ordered ZIFs were possible, and provided support for the spectral assignments, while comparison of these model systems to more disordered ZIFs aided interpretation of the more complex spectra obtained. It is shown that 13 C and 15 N NMR are sufficiently sensitive to detect small changes in the local environment, e.g., functionalisation of the linker, crystallographic inequivalence and changes to the framework topology, while the relative proportion of each linker present can be obtained by comparing relative intensities of resonances corresponding to chemically-similar species in cross polarisation experiments with short contact times. Therefore, multinuclear NMR spectroscopy, and in particular the measurement of both isotropic and anisotropic parameters, offers a useful tool for the structural study of ordered and, in particular, disordered ZIFs.
Introduction
Zeolitic imidazolate frameworks (ZIFs) are a relatively new subclass of metal-organic frameworks (MOFs) with extended three-dimensional networks of transition metal nodes (predominantly Zn 2þ or Co 2þ ) bridged by rigid imidazolate linkers [1, 2] . The observed Zn-Im-Zn bond angles are similar to that of the ideal Si -O -Si bond angle (~145 )
found in zeolites, so that many ZIFs exhibit the same framework topologies as zeolites, although ZIFs with unique framework topologies have also been synthesised [2] . As an example, Fig. 1a shows the structure of ZIF-65, which is synthesised with 2-nitroimidazolate as the linker, and exhibits the well-known sodalite (SOD) framework topology [3] . ZIFs have attracted considerable recent attention, owing to their potential applications in gas storage and separation, fluid separation, sensing, encapsulation and controlled delivery of drug molecules [2, [4] [5] [6] [7] [8] [9] . The range of applications can be widened by using functionalised imidazolate linkers, altering the chemical nature of the pores produced, while maintaining the framework topology [10] . Additionally, more than one type of imidazolate linker can be included into the framework structure [2] . ZIFs are typically synthesised by reacting a hydrated transition metal salt (e.g., Zn(NO 2 ) 2 ⋅6H 2 O) with the desired imidazole (or functionalised imidazole) in a polar amide solvent (e.g., N,N-dimethylformamide (DMF)). In their as-prepared forms, many ZIFs contain solvent molecules in the pores, which can usually be removed by exchange or heating [1] . The linker/metal ratio and the concentration of the metal ion in solution are important factors for achieving the desired final product, and it has been shown that by varying these it is possible to target specific framework topologies [2] . As described above, a range of linkers can be used to prepare ZIFs -those used in this work are given (along with the naming and numbering conventions used) in Fig. 1b , and the ZIFs synthesised from them outlined in Table 1 . (Note that the numbering scheme used for the purine (pur) linker is not that used conventionally in organic chemistry, but has been chosen to facilitate comparison with other linkers). It has been shown that linkers with "bulkier" functional groups, such as benzimidazolate (bIm), produce framework materials with larger pores and/or windows, whereas linkers with smaller functional groups, such as 2-nitroimidazolate (nIm), typically produce smaller pores with narrower apertures [2, 11] . Using a combination of more than one type of linker, more complex structural frameworks, which exhibit a wider range of chemical or physical properties, can be synthesised. For example, ZIF-68 (GME topology), which is synthesised with 2-nitroimidazolate and benzimidazolate (in a 1:1 ratio), has both hydrophilic and hydrophobic pores [11] . There are a few examples of ZIFs that have been prepared with more than one metal centre [12] [13] [14] , which can result in a material that possesses different metal coordination environments, with a unique chemistry that can be exploited for various applications, such as catalysis.
The characterisation of ZIFs commonly uses diffraction-based experiments, such as single-crystal or powder X-ray diffraction (XRD). Such experiments are able to provide the average (over both time and space) positions of the atoms in an average unit cell. Although single-crystal diffraction is an extremely powerful technique for structure solution, this approach is limited by the need for a suitably large and stable single crystal. Solving structures from powder XRD data is much more challenging, particularly if the sample is poorly crystalline, owing to the presence of fewer resolved reflections in the diffraction pattern. Difficulties can also occur in refinements when lighter atoms, such as C, N and H, or isoelectronic species, are present in the material. Furthermore, if there is any disorder present, be it compositional (resulting from the use of more than one type of linker/metal in the synthesis), positional (arising from a variation in the position/orientation of a functional group, linker or solvent molecule), or temporal (resulting from the dynamics of linkers, adsorbed solvent or guest molecules), structure solution using XRD is further complicated. As many of the interesting properties of solids arise from deviations in long-range periodicity, spectroscopic techniques that probe the local, atomic-scale structure can often be a useful and complementary approach for characterising ZIFs.
NMR spectroscopy has been widely used to investigate the structure of many solids, owing to its sensitivity to the local environment, without the need for any long-range order [15] [16] [17] . This is a suitable approach for studying ZIFs, owing to the variety of NMR-active nuclides present [17, 18] . 1 H, 13 C and 15 N NMR spectroscopy can, in principle, be used to investigate the number, type and relative proportions of the framework linkers. The strong dipolar couplings present for 1 H result in a significant spectral broadening that limits resolution (and the extraction of structural information) unless very fast magic-angle spinning (MAS) is used [15, 16] . For both 13 C and 15 N, the low sensitivity (resulting primarily from their low natural abundances of 1% and 0.34%, respectively) can be overcome by cross polarisation (CP) [15, 16] , where magnetisation is transferred from spatially close spins with high γ and high abundance (typically 1 H). While resulting in a considerable sensitivity enhancement (the maximum depending upon γ H /γ X ), this approach does have the disadvantage of being non quantitative (as the transfer depends on the spatial proximity of the two species), and direct integration of the spectral resonances does not necessarily result in accurate relative proportions of chemical species unless they have a similar environment. In principle, spectroscopic study of the metal centres in ZIFs would provide information on the coordination environment and the framework topology [17, 18] . However, many typical framework metals have relatively unfavourable NMR properties. For example, Zn (used in this work) has only one NMR-active isotope ( 67 Zn, I ¼ 5/2) with a relatively low γ and low natural abundance of 4.1% (resulting in a receptivity, relative to 1 H, of 1.18 Â 10 À4 ). Spectral acquisition is further hindered by the presence of a relatively large quadrupole moment (which, coupled with the low γ, produces significant quadrupolar broadening), often necessitating the use of high magnetic fields [19] [20] [21] [22] . Even when resolution is increased through the use of techniques such as MAS, complex and overlapping spectral lineshapes are often still observed in NMR spectra of solids, particularly for disordered materials [23] . In recent years, there has been increasing interest in the use of computation (typically using density functional theory or DFT) to predict NMR parameters for periodic solids, aiding the interpretation and cations). (b) Chemical structure, nomenclature and numbering schemes for the imidazolate used in this work. Note that the numbering scheme used for pur is not that typically used in organic chemistry, but has been chosen to facilitate comparison with other linkers. [11] GME nIm þ nbIm YOZBIZ assignment of spectra [24, 25] . While extremely valuable in many cases, this can prove challenging if there are a large number of distinct atoms in the unit cell (as is the case for many ZIFs) or if there is significant disorder and/or dynamics of the linkers, functional groups or incorporated solvent/guest molecules. In these cases, it can be difficult to obtain a structural model that is a good approximation to the material studied experimentally, unless a very large number of possibilities are considered. One option is the use of cluster calculations, centred on the metal ion and incorporating the set of coordinating linkers, thereby circumventing problems with large cell sizes or disordered solvents. However, interactions between the framework and incorporated guests/solvents are not captured in this approach. Alternatively, periodic calculations (considering an unperturbed extended framework) can be employed, with solvent molecules either placed manually or removed entirely. The latter strategy may, however, lead to significant changes in the pore structure under geometry optimisation processes designed to minimise the forces upon atoms to ensure low-energy structures are considered, and may be less relevant to the actual material under study.
Owing to the difficulties in exploiting computational approaches for ZIFs, the amount and accuracy of the information that can be obtained from experimental measurements becomes increasingly important. There are many well-known empirically-derived relationships that link the isotropic chemical shift with the type of structural environment, and even to specific geometrical parameters, such as bond distances and angles [15, 16] . However, additional information can be obtained by measuring the chemical shift anisotropy (CSA), thereby increasing confidence in the spectral assignments. Although this interaction is removed under the rapid MAS that is usually employed to achieve high-resolution experiments, the anisotropic shielding parameters can, in principle, be obtained from analytical fitting of the spinning sideband manifold observed in slow MAS experiments [15, 16] . However, for systems with multiple distinct species the overlap of sideband and centreband signals can lead to difficulties in extracting this information. A number of experiments have been developed to overcome this problem, with the anisotropic information reintroduced or "recoupled" in the indirect dimension of a two-dimensional experiment, producing a sideband manifold that can be analysed to yield the desired information [26, 27] . For nuclear sites that possess high local symmetry, resulting in small anisotropies, "amplification" experiments have also recently been developed [27] , increasing the apparent magnitude of the interaction (by a user-defined scaling factor) and enabling more accurate measurement. The experiment used in this work, the CSA-amplified PASS approach [28, 29] , has been used successfully to investigate 1 H, 13 C, 31 P and 89 Y local environments in a range of materials, and correlations with local structural parameters, e.g., bond distances or point symmetry, demonstrated [29] [30] [31] [32] [33] . For ZIFs, solid-state NMR spectroscopy can provide information on the type and relative proportions of linkers present, and the number of crystallographically-distinct molecules present in the asymmetric unit. Furthermore, it may be possible to distinguish between ZIFs that contain the same linker(s) but exhibit different three-dimensional topologies, through small variations in the chemical shifts, peak splittings or changes to the CSA. A number of authors have acquired conventional solid-state NMR spectra (primarily 13 C CP MAS spectra) [1, 18, 34] , of individual ZIFs, but little attention has been focussed on the information (if any) available from the CSA, and upon the extent to which NMR parameters vary as the topology or extended structure is changed. It is not clear whether it is possible to unambiguously establish the presence of a linker in an unknown material simply from the shifts observed in a MAS spectrum, or whether additional confirmation from CSA measurements or 15 N NMR is required, or if the longer-range structure has a more significant effect. A more detailed understanding of the sensitivity of a more complete set of NMR parameters (i.e., 13 C and 13 N isotropic and anisotropic shifts) to local structure will aid future solution of unknown structures, and help to understand the changes in the local environment upon the addition of guest molecules. In this work, we fully assign both 13 C and 15 N MAS NMR spectra of a variety of (single and dual linker) ZIFs, accurately measure CSA parameters and attempt to understand the relationships between NMR parameters and both local and longrange structure.
Methodology

Synthesis and basic characterisation
All ZIFs were prepared according to the previously reported literature procedures with some minor modifications (see the Supporting Information) [1, 3, 11, 35, 36] . In a typical synthesis (here for ZIF-7 [35] ), benzimidazole (0.41 g, 3.47 mmol), zinc acetate dihydrate (0.56 g, 2.55 mmol), diethylamine (4.4 mL) and N,N-dimethylformamide (25 mL) were stirred (room temperature, 10 min). The mixture was placed into a Teflon™-lined steel autoclave and heated in an oven (110 C, 2 days). The ZIF-7 product was collected by centrifugation and the wet solid was left in air, overnight. To further dry the product it was immersed in methanol (10 mL, room temperature, 9 h) and the resulting solid was collected by centrifugation. The white powder (typically 0.6 g, 24% yield with respect to benzimidazole) was then dried in an oven (90 C, 15 h). Powder XRD data of the synthesised materials were collected in house using a Stoe STAD i/P diffractometer in capillary mode using Debye-Scherrer geometry with primary monochromation and Cu K α1 (λ ¼ 1.54051 Å) radiation. The collected patterns were then compared with simulated XRD patterns using crystal structures from the literature.
Solid-state NMR spectroscopy
Solid-state NMR spectra were acquired using Bruker Avance III spectrometers equipped with a 14.1 and 9.4 T widebore superconducting magnets operating at Larmor frequencies of 150.9 and 100.6 MHz for [37] or SPINAL-64 [38] 1 H decoupling was employed to improve spectral resolution, with a typical radiofrequency field strength (γB 1 /2π) of 100 kHz. Dipolar dephasing experiments were also carried out with similar parameters and a dephasing interval of 1 ms. Two-dimensional CP CSA-amplified PASS experiments were performed using the pulse sequence of Orr et al. [28, 29] The total scaling factor is given by N T ¼ (n PASS þ 1)N, where N is the scaling factor determined by the timing of the five π pulses and n PASS is the number of additional five π pulse blocks. Cogwheel phase cycling was employed to reduce the length of the phase cycle required [39] . See the Supporting Information for detailed parameters. Fitting of the sideband manifolds was performed using SIMPSON [40] by comparison to an ideal one-dimensional MAS spectrum. The "root mean square" (rms) error quoted in tables and plotted in figures is that output by SIMPSON, as described in the SIMPSON manual [40] . Using the Herzfeld-Berger convention [41] , the isotropic chemical shift, δ iso , is given by
where, for the principal tensor components, δ 11 ! δ 22 ! δ 33 . The magnitude of the anisotropy is defined by the span
and the shape is defined by the skew
such that κ lies between 1 and -1. Alternative conventions for describing the shielding interaction, in terms of the anisotropy and asymmetry, can be found in Ref. [42] .
DFT calculations
Calculations of total energies and NMR parameters were carried out using the DFT code CASTEP [43] (version 16.1), which employs the gauge-including projector augmented wave (GIPAW [44] ) approach, to reconstruct the all-electron wavefunction in the presence of a magnetic field. Calculations were carried out using the GGA PBE [45] functional and core-valence interactions were described by ultra-soft pseudopotentials [46] . A planewave cutoff energy of 50 Ry (~680 eV) was used, and integrals over the Brillouin zone were performed using a Monkhorst-Pack grid with a k-point spacing of 0.04 2π Å
À1
. The TS semi-empirical dispersion correction scheme [47, 48] was used. All calculations were converged as far as possible with respect to both k-point spacing and cutoff energy. Prior to the calculation of NMR parameters, structural models were obtained from the CCDC (see Table 1 for codes). Atoms related to the solvent molecules were removed and the geometry of the models optimised to an energy minimum (with all atomic coordinates and the size/shape of the unit cell allowed to vary) using the same parameters stated above. Calculations were performed either on a cluster at the University of St Andrews, consisting of 300 12-core Intel Westmere nodes, connected with QDR Infiniband, or on ARCHER, the UK High Performance Computing service, consisting of a Cray XC30 MPP supercomputer with 4920 24-core Intel Ivy Bridge nodes. Calculation wallclock times ranged from 4 to 8 days using 16-32 nodes. For further details (including information on initial models and geometry optimisation) see the Supporting Information.
Calculations generate the absolute shielding tensor (σ) in the crystal frame, and diagonalisation of the symmetric part of σ yields the three principal components, σ 11 , σ 22 and σ 33 . The principal components of the chemical shift tensor, δ 11 , δ 22 and δ 33 are related to σ by determined from a comparison of the experimental shifts and calculated shieldings of all ZIFs studied in this work. Table 1 for information on the linkers used and topologies formed in each case). The presence of disordered or dynamic solvent molecules, and of multiple, but chemically similar, linkers can complicate the assignment of NMR spectra of ZIFs. In many of the spectra in Fig. 2 , peaks associated with the synthesis solvent, DMF, can be seen (indicated by y) at chemical shifts of~30,~35 and~160 ppm. In ZIF-11, peaks from the toluene solvent are seen (indicated by z) at 129.7 and 128.3 ppm. In addition, spinning sidebands are seen in all spectra (indicated by *), suggesting that many sites do exhibit a significant CSA, as would be expected for sp 2 C. With the exception of ZIF-8 (where a peak at 14.9 ppm is observed for the CH 3 group on the mIm linker) all resonances associated with the linker are found between 100 and 160 ppm, indicating the aromatic nature of the linkers and the presence of the diamagnetic Zn metal centre. For ZIFs with single linkers (ZIF-7, ZIF-8, ZIF-11, ZIF-20 and ZIF-65) the chemical shifts observed are similar to those found in solution-state NMR spectra of the linker molecules, enabling tentative spectral assignment, and also suggesting that the longer-range structure (i.e., the exact framework topology) has a limited effect on the chemical shifts observed in the solid state. Assignments were supported by dipolar dephasing experiments, where the reintroduction of the 1 H/ 13 C dipolar coupling enables quaternary and protonated C species to be distinguished. For all ZIFs, spectra with dephasing times of 1 ms are shown in the Supporting Information, along with a more detailed discussion of the spectral assignment. For ZIF-20, assignment of the 13 C spectrum is challenging, owing to the broader, overlapped spectral lineshapes, and the chemical similarity of many of the C species present. Partial assignment can be made from the dipolar dephasing spectra, but an unambiguous assignment is not possible. A summary of the proposed assignments for all ZIFs is given in Table 2 . In many cases, the spectral broadening (present as a result of disordered linkers or solvent molecules) makes it difficult to determine unambiguously the number of crystallographically-distinct linkers that are present in the materials, although for ZIF-8 and ZIF-65 it is clear only one set of resonances are seen. For ZIF-7, the sharp lines suggest a relatively ordered structure, and two distinct resonances are clearly seen for most C species, consistent with the presence of two crystallographically-distinct linkers [35] . Some additional splitting is observed at lower shifts (δ between 120 and 124 ppm), suggesting some additional disorder, most likely as a result of the incorporated solvent. ZIF-7 and ZIF-11 contain the same bIm linker, but the different synthetic routes produce ZIFs with different zeolite topologies (SOD and RHO, respectively). Although the chemical shifts observed are very similar, the exact resonance positions are different. This suggests that although the chemical shift primarily indicates the chemical nature of the linker, the 13 C NMR spectra will be sensitive to changes in the structure, i.e., upon loading of guest molecules or changes in symmetry. As an example, 13 C NMR spectroscopy was used to distinguish the three crystallographically-distinct types of nIm linker in Zn(nIm) 2 , and to confirm the presence of rotational disorder for one of the three [49] . Furthermore, 13 C spectra could distinguish between the different polymorphic forms of this material, showing changes upon an increase in temperature [49] . Additional information on a larger number of ZIFs that contain the same linker but exhibit different topologies (and/or vice versa) is required to investigate the structure sensitivity of NMR further. In addition to the isotropic chemical shift, solid-state NMR also enables access to the anisotropic component (parameterised by Ω and κ) of this interaction. Although these are typically removed under the sample rotation used to achieve high resolution, they can be measured either from a slow MAS spectrum or from the sideband pattern in the indirect dimension of a two-dimensional experiment that recouples, or selectively reintroduces, the anisotropic shielding [26, 27] . It has been shown that the anisotropic shielding, the asymmetry and the tensor orientation can provide information on the local structure including, e.g., bond distances and point symmetry [15, 16, 24, 30] . Given the complexity of the 13 C spectra of most ZIFs, slow MAS experiments result in considerable spectral overlap, and CSA-amplified PASS experiments have been used to reintroduce and measure the anisotropic shielding. Fig. 3a shows an example of a 13 C two-dimensional CSA-amplified PASS spectrum (for ZIF-65), along with the extracted sideband manifolds for the two C sites in the nIm linker. A scaling factor, N T , of 5 was used, resulting in an apparent MAS rate in the indirect dimension of 2.5 kHz. Fig. 3b shows the contour plots of the rms deviation found for analytical fitting of each sideband manifold (arbitrarily limited to 25). Values of Ω and κ extracted from similar spectra for all single-linker ZIFs are given in Table 2 . The low rms deviations observed for ZIF-7, ZIF-8 and ZIF-11 indicate that accurate values can be extracted, although for ZIF-8 it is not possible to measure 
Results and discussion
a Insufficient number of data points to determine the CSA parameters accurately. the CSA parameters for C4 of the mIm linker (δ iso ¼ 14.9 ppm), owing to the very small magnitude of this interaction (and the insufficient number of sidebands produced even when the CSA is amplified). For ZIF-20, the higher rms error suggests greater uncertainties in the values determined, probably as a result of the greater overlap of the spectral resonances arising from the similarity in the C environments of the pur linker. The proposed crystal structure for ZIF-20 does suggest some disorder in the exact orientation of the linker molecules, with the positions of C and N in the six-membered ring not defined [35] . Table 2 shows that in many cases the range of Ω for a type of C species is greater than that of the corresponding δ iso values, potentially enabling better distinction between ZIFs with similar linkers but different topologies, and a greater sensitivity to small structural changes upon loading or post-synthetic modification. For example, for the C2 (N -C(X) -N) sites in ZIF-7 (X ¼ H), ZIF-8 (X ¼ CH 3 ), ZIF-11 (X ¼ H) and ZIF-65 (X ¼ NO 2 ) δ iso lies between 148 and 151 ppm (despite the different chemical nature of these species), but Ω varies from 82 to 139 ppm. Although it can be difficult to relate the anisotropic shielding parameters directly to the symmetry and arrangement of the coordinating atoms in anything other than the simplest molecular systems, it is noticeable that a much lower Ω (82 ppm) is observed for ZIF-65, perhaps reflecting more symmetrical arrangement of the atoms bonded to C2 in this linker (i.e., three N atoms, rather than two N and one C). There is also a more significant change in κ for this species. Furthermore, for the two ZIFs with bIm linkers (ZIF-7 and ZIF-11) δ iso for the N-C-CH--CH species (C4) is very similar (i.e., within 1 ppm), while there is a~15 ppm difference in Ω.
In ZIFs the N atoms on the imidazolate ring coordinate to the metal centre (in this case Zn 2þ ). In principle, N NMR could provide information on the linker(s) present, but may also be more sensitive to the Zn coordination environment (and also, therefore, to the framework topology). Furthermore, as there are typically fewer crystallographically-unique nitrogen species in ZIFs, it should be more straightforward to assign N NMR spectra than the corresponding 13 ), resulting in long experimental times unless efficient CP can be achieved [15, 16] . Table 3 .
For ZIF-7, two 15 N resonances are observed in a 3:1 ratio, attributed to the four chemically-similar but crystallographically-distinct nitrogen sites in the proposed crystal structure, suggesting that three of the nitrogen species have very similar (although not identical) NMR parameters. The same bIm linker is present in ZIF-11 and, while similar chemical shifts are observed, the 15 N CP MAS spectrum is different in detail from that of ZIF-7, with~4 distinct N shifts present (although each has a different intensity). Although there are four formally crystallographically-distinct N species predicted in the crystal structure (as with ZIF-7), there is also some uncertainty over the exact orientation of the bIm linker [1] , leading to the additional splittings and line broadening observed in the spectrum. CP MAS spectra do appear to be more sensitive to changes in topology or variation in the local geometry around the metal centre than the corresponding 13 C spectra, enabling different ZIFs to be more easily distinguished. 15 N CSA-amplified PASS experiments were also performed for the single-linker ZIFs, and the values of Ω and κ extracted are given in Table 3 . Owing to the broad resonances observed for ZIF-20, it was not possible to obtain the CSA parameters for this material on a reasonable timescale. In general, Ω for the imidazolate N species varies between 167 and 308 ppm, with the largest value (for the N -C(NO 2 ) -N environment) seen for ZIF-65. The relatively low rms values (Table 3) reveal the good confidence in the fits, suggesting that the 15 N Ω is less dependent purely on the chemical nature of the linker (and more sensitive to the three-dimensional structure). For example, for the four imidazolate N species in ZIF-11 (all chemically equivalent) a spread of nearly 50 ppm in Ω is observed. Although Ω for the -NO 2 group in the nIm linker in ZIF-65 is one of the largest measured, and larger than most Ω values for the heterocyclic N species, it is similar to the imidazolate N for this ZIF. As described above, it is difficult to perform first-principles calculations to aid in spectral assignment or to provide support for the experimental values measured, owing to the large size of many ZIF systems and the disorder/dynamics of the solvent molecules present (many of which are not placed accurately in models derived from diffraction). It is, however, possible to calculate NMR parameters for ZIFs where all solvent/water molecules have been removed from the pores. While this is not necessarily a true reflection of the as-prepared materials under experimental study here, it can potentially provide a better representation of the chemical nature of the system (i.e., Im linkers attached to Zn 2þ cations in a three-dimensional extended structure) and, therefore, more accurate NMR parameters can be obtained, than solution-state NMR spectra of the neutral linker molecules. Periodic DFT calculations were carried out for ZIF-7, ZIF-8 and ZIF-65 (i.e., single-linker ZIFs with no framework disorder). Any atoms from solvent molecules present in the diffraction-based structural models were removed from the pores (see the Supporting Information for further discussion). Table 4 shows the calculated 13 C and 15 N NMR parameters for these three ZIFs. Although the exact values of δ iso and Ω do not match experiment exactly, as perhaps expected owing to the changes made to the structure, they are in good qualitative agreement and can be used to confirm the spectral assignments given in Tables 2 and 3 This can be seen clearly in the plots of calculated against experimental NMR parameters shown in the Supporting Information. In particular, for ZIF-7 (and, by analogy, ZIF-11) they suggest that δ iso values for C4 and C5 (on the benzene ring of the bIm linker) are 121-123 and 116-117 ppm, respectively, (rather than vice versa), in contrast to the assignment that would be indicated if solution-state NMR shifts only were used. It is noticeable for ZIF-8 that the agreement between experiment and calculation for Ω is poorer than for the other ZIFs, perhaps reflecting the dynamics of the -CH 3 group. More complex ZIFs can be synthesised using more than one type of linker, producing materials that not only have different pore shapes and sizes, but that can also have different chemical properties (e.g., hydrophobic or hydrophilic pores) [2, [4] [5] [6] [7] [8] [9] . The 13 C CP MAS NMR spectra of ZIF-68, ZIF-70 and ZIF-78 are shown in Fig. 2 , with expansions also shown in Fig. 5 . These dual-linker ZIFs all possess the same topology (GME) [3, 11] , and all contain the nIm linker. However, the second linker for each ZIF varies, as shown in Table 1 , with bIm for ZIF-68, Im for ZIF-70 and nbIm for ZIF-78. The increased complexity of the spectra (particularly in the crowded aromatic region) make assignment more challenging, and DFT calculations are not feasible (owing to the size of the unit cell and potential disorder of the linkers). Some progress can be made by comparing spectra to those for the single-linker ZIFs (Fig. 5 and Section S3 in the Supporting Information), and by using dipolar dephasing experiments (also in the Supporting Information). Furthermore, 13 C 2D CSA-amplified PASS experiments enable measurement of the anisotropic shielding parameters, and provide further support for the spectral assignment. The proposed assignments of the resonances are given in Table 5 .
For ZIF-68, the spectrum contains resonances in very similar positions to those in ZIF-7/ZIF-11 (bIm linkers) and to those in ZIF-65 (nIm linker), enabling the type of C species to be easily assigned, as shown in Fig. 5 . Likewise, for ZIF-70 and ZIF-78 peaks are also observed in very similar positions to those for the nIm linker in ZIF-65. For ZIF-70 very broad spectral lines are seen, reflecting the considerable disorder of the positions of the Im and nIm linkers in the structure. Although the resonances for ZIF-78 appear much narrower, many different resonances are present, reflecting the loss of the symmetry in the bIm linker through the introduction of the NO 2 group at the 6 position (see Fig. 1 ). Furthermore, the crystal structure suggests some uncertainty over the exact orientation of a portion of the nIm linkers, and also in the position of the NO 2 group on the nbIm ring, although the linkers do appear to be ordered in terms of their position within the structure. Although it is possible to assign a number of C species for this material, it is not possible to distinguish easily between the three quaternary C species in nbIm (C4, C6 and C9) or between the three nbIm aromatic CH species (C5, C7 and C8), as shown in Table 2 (although the quaternary and CH carbons are readily distinguished from each other by dipolar dephasing experiments -see Supporting Information). In general, it is clear that the observation made earlier, that 13 C δ iso values depend primarily on the chemical nature of 
a Signal intensity too low to extract CSA parameters accurately.
Table 4
Calculated (using CASTEP), 13 C and 15 N NMR parameters (δ iso , Ω, κ) for ZIF-7, ZIF-8 and ZIF-65.
166.14 À0.57
192.14 À0.28 the linker and only to a lesser extent on longer-range structure and topology, proves to be extremely useful. When complex multi-linker ZIF structures are produced (and complex NMR spectra result), the linkers present can be identified (and spectra partially or wholly assigned) by comparison to simpler materials. In general, 13 C Ω also appears to be broadly similar to the values observed for single-linker ZIFs, but displays a greater variation than δ iso . For example, C2 of the nIm linker varies between~124 and 104 ppm (in ZIF-68),~71 ppm (in ZIF-70),~85 ppm (in ZIF-78), compared to~82 ppm in the single-linker ZIF-65.
As with the single-linker ZIFs, the 15 N CP MAS spectra (shown in Fig. 4 , with expansions given in the Supporting Information) of the duallinker materials contain fewer resonances than the corresponding 13 C spectra. The values of 15 N δ iso and of Ω and κ were extracted from CSAamplified PASS experiments (where sufficient sensitivity was obtained) and are given in Table 6 . The nIm -NO 2 groups are straightforward to assign (by comparison to ZIF-65), with resonances in very similar positions in all three ZIFs (À26.9, À27.5, À27.1 ppm). For ZIF-78, the -NO 2 group on the nbIm linker also appears with a very high chemical shift (À10.0 ppm). For all three dual-linker ZIFs, the nIm N species have very similar shifts to those found in ZIF-65, and the bIm N species in ZIF-68 can be assigned by comparison to ZIF-7. This leaves the peaks at ca. À185 ppm in ZIF-78 as the nbIm aromatic N species. For ZIF-70, it would appear that the Im N species overlap with those from nIm, producing a very broad resonance at ca. À176 ppm.
Although the exact ratio of the two (or, in some cases, more) linkers that are used in an initial synthesis is known exactly, these may not be incorporated into the final product in the same ratios. A related problem is encountered for aluminophosphate frameworks, where multiple structure-directing agents can be used in the synthesis, but are incorporated to a lesser extent (or in some cases not at all) into the final product [50] . Determining the relative proportion of linkers present is important for understanding the structure and chemical properties of a material (and for reproducing it accurately), but can pose a challenge for diffraction when very similar linkers (e.g., those that differ only one functional group) are used, or where there is considerable disorder in the position of the linkers within the material. For example, in the original work, ZIF-70 was prepared using a 1:1 ratio of Im and nIm, but the final product exhibits a ratio of 1.3:1 (as determined from elemental analysis) [3] . One approach to investigate linker ratios is to use acid hydrolysis to decompose the framework into individual molecules and employ solution-state NMR spectroscopy. Clearly, this has the significant disadvantage of being a destructive technique that will be incompatible with some functional groups. In principle, the non-destructive approach of solid-state NMR spectroscopy should be ideally suited to investigate the proportions of linker present in the final material directly. However, as discussed above, CP is inherently non quantitative and, particularly for materials with many closely spaced or overlapped spectral lines, this can be a problem [15, 16] . Although some advances towards quantitative CP measurements have been made recently using a multiple-contact method [51] , this does rely and strongly-coupled 1 H spin baths and so has been suggested not to be of use in the more sparse 1 H distributions found in MOFs. Therefore, we have focussed only on the comparison of resonances from chemically-similar species in conventional CP spectra to investigate the linker ratios.
For ZIF-68, it is difficult to determine the linker ratio unambiguously, as the 13 H NMR spectrum after digestion gave an Im:nIm ratio of 1.9:1, higher than the 1.3:1 observed in the original preparation of ZIF-70 [3] . It is not possible to resolve the two chemically-similar N1 species in the 15 N NMR spectrum. For ZIF-78, although the 13 C spectra cannot be fully assigned, the relative intensities of the C3 (nIm) and C5þC7þC8 (nbIm) signals are~1:1.5 (or 2:3), as expected for a 1:1 ratio of the linkers. In the 15 N NMR spectrum, the relative intensity ratio of N1 (nIm) and N1þN3 (nbIm) is~1:1.2 and, although the exact chemical environment of the imidazole N is different, the relatively low number of proximate H in each case probably supports the conclusion from the coloured according to the ZIF from which they result. The points clearly fall into separate regions, with N -C(X) -N species (shown by crosses) having high δ iso (between 145 and 155 ppm). There is a variation in Ω (between 80 and 140 ppm), with the smallest Ω observed when R ¼ NO 2 , i.e., when C2 is bonded to three N. Highest Ω are found for R ¼ H. The N -CH--CH -N species in the Im, mIm and nIm linkers (denoted by the filled circles) have very similar δ iso (125-132 ppm) and Ω (~130 ppm). For bIm-based linkers, the related, but now unprotonated, N-C--C-N species (denoted by filled and open squares) generally have higher δ iso (140-145 ppm), but similar Ω. The C species in the benzene rings have the lowest δ iso and the highest Ω, with the introduction of the -NO 2 group for ZIF-78 resulting in a decrease in δ iso and Ω. A plot of the experimental 15 N δ iso against Ω is shown in Fig. 6b . The N species can be clearly differentiated by their δ iso values, with -NO 2 at much higher shifts (À25 to 0 ppm) and Im N species between À150 and À200 ppm. Owing to low sensitivity, it was not possible to measure Ω for all -NO 2 groups, so it is not currently possible to comment more generally on the typical Ω for these species.
Conclusions
In this work we have investigated the 13 C and 15 N NMR parameters of a series of ZIFs, prepared using one or more functionalised imidazolate and/or benzimidazolate linkers. In most cases, the resonances in the solid-state NMR spectra can be tentatively assigned by combining a basic knowledge of the chemical shifts observed for linker molecules in solution with dipolar dephasing experiments to identify quaternary C species. Owing to the chemical complexity of the systems studied, i.e., the size of the unit cells, the presence of linker disorder, disorder in the orientation of functionalised linkers and the presence and dynamics of solvent/water molecules within the pores of the materials, it is difficult to assign resonances to specific crystallographic sites, or to use periodic DFT calculations to predict exact shifts. However, calculations performed for ordered model systems were able to aid and confirm the spectral assignment for some of the simpler ZIFs. Measurement of the anisotropic component of the shielding, specifically Ω, using amplified PASS experiments provides additional support for the spectral assignment.
The plots in Fig. 6 indicate that the 13 C and 15 N NMR parameters are sufficiently sensitive to detect small differences in chemical environments, e.g., changes to topology, linker functionalisation or the presence of molecules within the pores, when comparing different ZIFs or different forms of the same ZIF. However, the magnitude of δ iso and Ω observed relate primarily to the chemical nature of the linker, and so measurement of both parameters, particularly for 13 C, provides strong support for determining the type(s) of linkers present. For example, spectra of the dual-linker ZIFs contain resonances with very similar shifts to those of ZIFs composed of just one linker, and so the chemical nature of the C species can be determined despite considerable spectral overlap in some Table 5 Experimental 13 C (14.1 T) NMR parameters (δ iso , Ω, κ) and rms errors, along with the assignment of resonances observed for a range of dual-linker ZIFs. cases, demonstrating the value of this type of linker "library". For these materials, some indication of the relative proportion of each linker present can be obtained from the relative intensities of resonances from chemically-similar C species that are well-resolved in the 13 C CP MAS NMR spectrum, although care must be taken to ensure that the distributions of nearby H are sufficiently similar. Some progress may be made in this respect in the future by investigating the applicability of the multiple-contact CP approach, [51] to ZIFs (and MOFs more generally). This work has initiated the more general task of creating a library of NMR parameters of single-and dual-linker ZIFs that can be used not only by the solid-state NMR community, but also the wider materials chemistry community to help to understand and assign NMR spectra. The results will also be useful to help solve the structures of new (and particularly complex and disordered) ZIFs and to characterise those subjected to postsynthetic modification. 
